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SPECTROSCOPY AND MASS MEASUFTMENTS OF NEUTRON RICH ISOTOPES BY THE (t,a) REACTION

8)
E. R Flynn, Ponald E. Brown, J. W, Sunier, D. G. Burke °, F. AJnnberg—Solovo*

)
J. A, Cizewnki

Los Almoos National Laboratory, Los Alamos, MM 87545 USA

Abstract

The neutron e.2ess of the triton makes it pos-
sible to use this projectile in transfer reactions
to reach nuclel of greater neutron excess than the
terget nuoleus Prinoipal nlnplus of suoch reac-
tions are the (t,a), (%,p) and (t,”He) remctions,
all of whioh have been used to study neutron rioh
nuclei. The present report discusses several of
these examples and reports on more definitive mans
measurements and spectroscopy of the low lying lev-
els of amme of these nuclel, In particular,
results of using a polarized triton baam are
discussed ©a this study lesds to many new apin
aassigrments,

1. Intrcduotion

The availability of a triton besm at the Los
Alsmos Netional Laboratory has ellowed the reaction
study of » large number of neutron rich nuciel over
the recent years. There are three principal reac-
tions which are used in this program. The two
neutron transfer reaction (t,p), adds two neutrons
to the target nuoleus and thie reaction on @
neutron excess terget yields results on nuclel
beyond the neutron stebility line. The proton
piokup reaction (t,e), also increases the neutron
excess since it reduces the proton nuaber by one.
Finally, the charge exchange reaction (t,'He)
ohanges » proton into 8 neutron and agdin incresiys
the neutron excess. All of thear reactions produce
not only a measure of th: finsl mass value Lut also
yield information egarding the low lying level
energies, spin values, and spectroscopioc values of
various levels. In tSis regard, a polarized triton
besm is :apable of inareasing the infurmastion
obtained by mesauring the asnalyzing power (A ),
This letter feature 4is especially important in Ine
cape of the (t,e) reaction where large A_ values
permit definitive spin ssaigrmvents. y

The atudies discussed here at: all part of »
nuclear aspectroscopy program pimed at a more
thorough underatanding of the comdblex {nteraction
of e¢lementary nuclear ®socd2s. In general, the
studies have ooncentrated on regicns of nuclear
trensitions, either transitions in nuclear shape or
in coupling schemes. The use of tne reactions
discusded above permits an extension o “he nuclear
studies and their systemptics to the mora neutron
riech regions which sre difficult to resch by eny
other means. Thus en extensive investigetion of
the heavy rare earth region through the Ir and Au
isotopes ia o dominant part of th{s report as these
r present » region where nucle, are going from
deformad to spherical es the closed R s 1206 hell
is eppraoched. Another asres discussed here is tha
nuclear reginn near A » 100 where 8 complen inter-
play of collective and eingle particle effec’s
produces rapid changes in nuclear shapes as well as
subshell cloaure effects. The results of these
studies yield 8 number of New DOSs measurements, a
substantial number of new level sssigments, and @
large number of new spin assigrments.

’
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2. Experimental Techniques

The work described here was carried out st the
Los Alamos Netional Lsboratory tandem Van de Graaff
laborstory. All of the (t,a) snd (t,p) gdata were
taken using a 17 MeV beam while the (t,“He) data
was obtained with & 22-25 MeV beam of tritoms. The
resction products were detected in a Q3D spectro-
seter using 8 helix proportional c¢ounter in the
focal plane')., Typicasl energy resolutions of 12-20
keV were obtesined, depending upon target thick-
nesses, Energy ocalibrations were performed ftor
each 1sotope uring targets with asoourately known
Q-values end excited state energies. Angulasr
distributions were alsoc measured and the results
oompared to distcrted wave (DW) caloulations in
order to extract angular mamentum transfers and
spectroscopio values, In the csse of polarired
beam experiments, spin up 8nd down Beasurements
were obtsined by flipping the direation of the
triton spin') at the source and repesting the run
st each angle. These results were also compared to
DW caloulations as we)ll @8 empirically to known
spin states in nearby nuclel in order to extract
the total spin tranafer.

The targets were, in general, evaporated foils
of thicknesses about 80 to 200 micrograms/cm’,
depending upon the experiment. The Hg targets
discussed below requirec special attention and
consisted of a Hg compound deposited on a thin
C oacking.

3. Mass Measurements with the Triton Beam

Table ' contains the results of a number of
As) measuresents mpde with various triton induced
resctions over thy last aseveral years. There ere
20 cases listed, 12 {rom the (t,a) rogcnon, 1 from
the (t,p) reaction and 5 from the (t, He) resction.
In #ll but the In cases, the aasigned mass errors
ore 20 keV or less: the In results were done with
talek targets bdecsuse of the very low cross sec-
tions observed {n this case. The masses of '''Ay,
16%P,, and "'As had not previously been measured
and were only predicted by systematics The
nucleus '*'Np had never been uobserved before and
represents 8 nrew nuclide on the chert of the
ruclides. Large disagreements exist with seversl
previouc ®mess measurements, eanecially with
bets-decay results. Most notable amcong these are
the masses of *'Cy, tetpg, dodgy  Mbegy 14N,
snd '%%n,  The present measurement of *‘Cu
oonsu-ll the recent measuremen' of this mass by the
(d,”Me) resetion and places the beta-decay results
{n error. The ''""Tc end '''Mh results, which are
discuseed furthe below, considerably exoesd the
errors assigned to them 1in Ref, 17, It 19
interenting that a lerge part of the error that the
presen. wo.'k must essign to the '‘'Rh mess canes
from the uncertainty in the masa of the target
nucleus, '''Pd, a stable nucleus. The large error
in the moas of '''Nb betwewn the ecurrent results
and that reported in Ref, 17 {p still @ subject of
sortroverJy 88 8 recent beta-decay messurement (19)
oonfln.stno older result., A close check of the
PP®o(t,”He) data still precludes the beta-dersy
result and there 18 mo reasnnm #ta ahanea tha



Table 1
Recent Masa Meassurments Made with the Triton Beam

Nucleus Resation Q(keVv) Ref .,
9cu 70Zn(t,0) 8682420 3
W3re (e, @ gougs20
103, "Oppr, ) 8993+20 4
*3pp 1548m(t,q) 10748420 5
57gy "58catt,0) 1130246 6
159, "60cact,00 1063648 6
1851, "0yt a) 11430820 7
1951, "pe(r, e 11545420 B
971 "8p(r,a) 10885420 8
07y, 202 (e, 11567415 9
203, 2Mpgte, 0 109%2418 9
L™ 20 (v @ 12005410 10
200p, "opect,p)  W3sEs20 M
2uby, 24%(L,p) 2085420 12
"8Ge 7660(t.p) 631048 3
) 2se(t,p0) 1300425
s 205t . yhe) -5s60025
L 0%, (1, 3He) -8690.30 18
22, 2250 (1, SHe) 6350450 16
1241, 2% nit,%he) 7590450 18

Mass Excess

Present Published Error
(keV) (keV) (keV)
-65717+21 65940470 223
-8U622430  =849104100 -288
84805440 =B5110+100 -305
70676520 -70760s100°%) -84
6946948 65165416 .5
-66054¢10  =65930450 +151
-41403+22  -H1360+21 43
31672420  -3169231 +20
-20281430  -28430+200 149
26389415 264004100 -1
23131215 (-22980)¢ ¢ (+151)
89923410 RO —
-26616420  (26600) Y (+16)
65380420  =6529050 50
7186228 “71760470 4102
10067427 (=10190) (=123)
72182527 -72060+300 a122
79480030 -79960130 ) wug0
33580450  -B3600s150 20
80630450 -81100490 -u70

(a) Reference 17.

(rY 12, He) = =657%0410

) (d, 'He) = -70622%15, Ref. 18.
(d) Systematic value only.

(e) Not previously observed.

(f) o-decay < -~79549100, Ref. 19,

All of the present results
observation of the states at seversl angles and
sveraging the energies. Ap astated adove, separate
eslibration tergets vere used and s constant energy
celibration of the Q3D spectrometer wee not
assumed. It is, of course, possible thet » ground
sta*e ip not populeted in e specific resction but
in a1l the ceses quoted here, this was conpidered
to be an unlikely possibility. The exception is
for *‘'Np where there were m nearby systemstios
vwith campere to and many very weask stotes exist in
the spectrun, Here ome con Only make the atatement
that no states onist with higher alpha energies
than observed and the mass reported {s most iikely
the ground state.

were obtained Ly

4, Neutron Rich 1. and Au lsotopes

We have obtained recent resulis on the neutron
rl_ch isotopes of Ir and Au through the vae of the
(t,e) reaction. This study was done with @ polar-
izvd triton besm and the A, Values wire then used
to obtain spin velues fdr the stingls particle
proton states, A spectrum for the '‘"se(t, e)!"'Ir
resction, the most neutron rieh PL target
available, ia shown in Fig. 19, The results are
from Ref. 20 and the ground state mass of '‘’Ir {8
given in Tadble V. A similar ospectrum for the
19'Hg (€, a) 1 AU resction is shown in Fig. 2.
Exmmples of differentisl oross sections and A
values sre shown in Figs. 3 and & for these el
cases, respectively, The so0lid lines §n tnese
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Fig. 3. Exsmples of do/d@ and A for the
y8epr(t,a) 'Y 'Ir reaction.

figures asre DW calculstons., Table 2 ocon-
tain the results of this analysis for
190% 107 gpg 1010080, The table containy
the excitation energies, spin values and
relative spectroscopic strengths, the
latter being relative to '''T1 which 1ia
presumably a rather pure shell model
nucleus,

The results of Tedble 2 indicate the
value of reaching these neutron excess
nuclei off the stability line. The raptdly
inoreasing ocamplexity in the aspectrum |is
eadily seen from this table which presents
the low lying levels up to about 1,95 MeV
(in the oase of '"'Au, the levela shown are
the only otaerved ones up to 2.5 MeV).
Although there is some fragmentation of the
levels in '""Au over the single state per
orbital of '''T), the epectrum is still
relatively sipple and all the h1 and
d strength 1is basicelly seen ul“ the
riéﬁm L} 2 and » stremgth reflecting
the rnov&/ of two Jg?o protona relative to
Tl. In going to "''Au, there is alresdy »
drammati~ trend towards more collective
phenamens with an inoreased fraotionization
of levels and & reduction in overal)
spectroscopic wetrength. Thus the trend
tovards the very colleutive condition which
produces deformation in the nesrby rare
earths and, indeed in the lighter Hg nuclel
(21), 1s elready evidenced this close ‘o
the closed shell, In this case ''‘'Hg
serves to indiocste the total unperturbed
single hole proton atrength expected hare
80 well a8 the energy ocentroids of the
strength befcore the oollective force
becames important.



Reaults of (€,u) Reaction on the Hg

203, 201,
L] L
kv el Ty rel
o 372 o.62 0 3/2%  o.8u
39 12 o.uy 101 172* 0,23
386 372 0.10 3159 3/2°  0.05
631 12" 0.61 594 11727 0.44
760 5/2° 0.1 653 572  0.27
851 810 57/2°  0.03
10R7 /2% 0.65 897 172 0.09
1278 172°  0.06 1055 3/2°  0.07
160 11727 0,21 1216 572° 0.1z
1759 (5/2°) (0.12) 1242 (5.2%) o0.07
u6s 5/2°  0.20
w06 127 0.2

The removal of two more protons and neutrons
from the Au ocase 8sgain conaiderably increases the
complexity as seen in Table 2. Here the 1Ir
isotopes mow have a large number of levels below
1.5 MeV and ere much wmore reiniscent of the
deformed nuclei (see, for exmmple, Ref. 7). Again
s compariso. of the two modt neutran rish ceses
considered here show the reduction of strength s»
one goes awsy from the qlosed N = 126 sheli with
190]r gontaining less total relative strength than
1911r wliere the sum of the h”, snd d reletive
strangth equals approrimastely o%-n L1 ;’v(?tho ARV
resulte. At ther very interesting poinit to Bewe
here io the rapid cdescent ol the h".v strength tn
excitetion energy {n going from 1! &u to '"r,
This orLital 1» usvelly sssociated with deformstion
snd i%s lowering in the epentrum 16 & aign 5 the
onset of a shepe deformation. Thus by exsmining
these hegviest isotopes we are able to more clearly
see the trend avay fram a atmple shell wodel
picture towards a colleclive deformed picoture.

E
(hev

0
52
115
224
2u8
460
495
561
606
654
715
761
885
924
260

10u3
116
1160
1202
1300
1384
1426
59
485

Table 2

and Pt Isotopesn

19711' 1951r
372 o0.u3 o 3s2* 0.26
12 0.35 65 12" 0.22

1172 0,58 100 11727 0.36
176 572" 0.02
235 (3/2)" 0. 04

52" 0.3 288 372" 0.06
397
415

52 0,25 503  5/2° 0.27
sz 3" 0.03

1172 0,26 sgu  ss2° 0.14

5/2° 0,16 628
721 172" ¢.27
764 572" 0.10
879  s5/2° 0.05
911

et o 958

11720 0,26
995 1727 0.16
1019 172" 0.22
1052 nse” .15

(5/2%y 0.03 109

(522%) 0.12 110 372" 0.0u
1233

(5/2%) 0.08 1369

5. MNeutron Rich Nucle! Near A « 100
The polarized (t...e) resction has also been
extensively empioyed nesr A v 100 to study the

canples interplay of collective and single particle
interactions which takes place in this region.
Here it 1» known from fission fragment studies [22)
that o shape trgnsition oocurs in the neutron rich
{sotopes nesr A a 100 while at N s SO there i» »
subshell closure [(23) in certain nuclel.
Coincident with these phenomens, » strong isospin
interaction oocurs between the g 2 neutron and the
.2“ proton astates which 1; thought to be
r onsible for the deformation onset [("4].
However, when sufficient particles mre present this
tenden:y ‘s overcame My the peiring correlations
ond o spherical trend {s resumed. Thus o knowledge
of the proton strergth of the most neutron rich
1sotopes s well as the systemstic Behavior of this
strength as & function of neutron number for
several elements is importan: to test these
conaepts. Figure 5 ocontains 8 o .vetrum of the
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Fig. 4. Examples of do/dQ and Ay for the
'“Hg(f.a)"'Au reaction.

V1Pd(t, o) reaction; the nuoleus '*'An had ro known
levels before this experiment (4], Examples of
differertial cross seotions and A_ values with Dw
oslculations are shown in Flg.y6. A aimilar
experiment was also ocar.ied out on ''*Ru leading to
the first level acheme for ‘''*Tc [4], It is
interesting to examine the aystematics of the
neutron rich elements in this region in 1light of
these new data. Figure 7 contains the level
sohemes for the low-lying levels of 'Y, °''Np,
1¢fc, and '*''Rd from Refs, [4,25]. The subshell
closure at Z = 40 is obvious from this figure which
olearly shows the large drop in energy of the &g
orbital relative to the p ,» in goinz from "y {%
*'Nb (2 w 39 to 2 & 41), I!Ioeuvar. another dramatic
effect occurs at 2 w 43, in !'''Ta, where a
substantial rearrangement of orbitals takes place
with the 3/2 end 5/2 dropping below the 9/2° and
172 ., This trend is reverzed again in ''’Rd where
the normal ordering for this region is resumed. As
& further illustration of the unusual behavior of
14'Te, the single hole states zhown in this figure
do not rontain the ground state but rather the
groynd and first excited staten hove spins 5/2° and
7/2°, respectively; these states have only weak
single hole proton strengtn snmd belong in the next
shell. Inceed, the srrangement of spin states as
shown in the systematics of the Tc i{sotopes in Fig.
8, is reminiscent ~f l."eromod nucleus with tands
being baned on the 5/2° and the 3/2 states. Such
blngl might be based oi the Nilsson orbitals
5/2_[422] serising from the £9/2 orbital and
372 [302) ariming from the p wrbitel. A
transitional charscter is still ugusud for this
nucleus as the bands do 1ot have the same band
energy.

We are ourrently studying the systematics of
the Nb-Tc-Rh isotopes through the (L,a’ reaction in
order to plot out the region of transition which
seems to occur in the neutron rich {soto-es, In
Fig.9 we show the results for """ #!""?Nb to {)llus-
trate how tr: trends of the single hole strength
proceed with neutron number here. There is consi-
dersble contrast here with the Tc results i1llurtra-
ted obove, First of all, "'Nb shows & large effect
due to the N s 55 wubahell ciosure 1n that tne

1000 |- °
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Ef 17 MV
10° 8 3
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N |
400} g
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1epg(f, o) 1Ry spectrum,



Fig. 6.
'1PA(t,a)1**Rh reaction.

Exgmples of do/da and A for the

level spacing 18 incresscd with a resulting sicpler
level structure st low excitation, *'Nb does not
show this feature although it also contains 56
neu.rons, but rather shows s gradual increase in
the energy of the ‘1/2 ltlQh and @8 decreasing
energy for 3/2 , 5/2 and 7/2 states which follows
the trend of the other isotopes. A recent (t,p)
study of the Mo {sotopes also indicsted no evidence
for the N 2 56 subshell clos're which thus seems to
disappear sbove 2 = W),

Experiments on the Rh isotopes are also under
way to camplete this mepping of the deformation
region near A = 100. The aurrent results indicate
the camplexity of the phenomena with aignificant
effects due to the sddition of only one or two
particles. This region represents s severe
challenge to theoretical approaches because of this
canplex behsvior and models such as the IBA (26)
muat introduc: asdditionsl degrees of freedon in
order to reproduce even the qualitative trends of
one chain of isotopen.

198 200

6. The Pt experiment

Prit,p)

As an i{llustration of the success of the (t,p)
reaction in the s*udy of neutron rich nuclei, Table
3 contains the results of an erperiment '*‘PLit,p)-
S¢¢pr ., using @ beam of 17 MeV tritona. This is tie
first deta obtained on Lhe level scheme for ‘Pt
and the table tllustrates the extennive data
eotainsble by this technique, In this experiment
(1) tha goal was to examine the symmetries
predicted by the IBA wodel in the transition region
represented by the heavy rare sartha through lesd,
The results showed clearly the trend towards @a
vibrational character of ''‘rt over the lighter M
isotopes which have a gos—as unstable shepe. of
particlar {mportance, th.ue new data extend the
teat of the IBA model into the neutron rich ares
where the trend towards vibrationsl or B8U(})
symmetry exists. Comparison of the wmode
prodlouonl to the energy positions of excited 0O
and 2° states and aleo with (t,p) ground steie
oross seotions ynldl [ rnn.lvoly uooth vu-htion

2oor SINGLE PARTICLE ENERIGIES

' 0482 VERSUS ELEMENT C<5
wool
- ki
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14 74 AN
o
e ”y an 103 1¢ noo,h
Fig. 7. Systematios of proton hole states for *'Y,

"'Nb, !'*'Rh and !*'Rh.

of this experiment was the lack of observation of »
pairing vibration atate (a search in excitation
energy wuch huh‘or than shown in the table was made
for such a 0 state and nrot aeen). This
Ronobservation indicates the small overlap that
exists betwesn the ''"Pt transitional ground state
and vhe spherioal pairing vibration state.

7. Future trends and summary

The techniques described here using a triton
beam to study neutron rich nuclei have achieved
appreciable success in both the increased accuracy
of mass measurements and in the new spectroscopy of
these nuclides. In addition to the distinct amttri-
butes of a triton besm, the power of the experimen-
tal program discusmed above lies in the use of »
large solid angle spectrometer, a Q3D, and a
variety of fooasl plane detectors for this instru-
ment. These detectors have been designed to not
only yleld excellent energy resolution but also
particle selection and background rejection [27).
This system {» thus amenable to more difficult
experiments than thoae discussed here and which
involve either other types of beams, very low cross
section reactions or special targets.

The firest two of this type of experiments have
been {n progress recently at Los Alsmos using a '‘C
bewn ([28,29). The principle reactions used by the
group oonducting these experimenta are the
(1°C, '%0) and (1%C, '*0) resotions. The first of
these, a tuvo proton pickup reaction, obviously
reaches & nunber of intersting neutron reach nucles
in » manner similer to the (t,e resotion discussed
above, The adecund reasction, a douhle vharge
eichange reaction, i rather exotio byt potentially
Very intereating as it appears to be the only
|Inrc- sing wey to resch certain cxniting nuclel e.g.

*™Mo(''C, 10) 'k The oross sections for this
reaction elthough macell, are larger than expected
[20) Ard Buch lurger then the oapeting reaction
(v,1), These two rescticns offer an eroiting
future to the study -f neutron rioh nJelei and the
Qgpor_l_nnhl techniques dis . 3ped above are
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Results of Pr(t,p) Reaction.

E, (ka¥) 60/d0( b /sr) L J
(2¢°)

0 342( 14) 0 0
468(6) 6.1 (2"
BE3¢) 318(7) (2) §28)
1099(6) 16.8(13) (n ()
1263(8) 24(2) (0 ()
1561(7) 2.2(8)

1878 8) 5.1(8) 0 o'
1617(8) 1.6(8)

1684(8) 1.5(8)

1728(6) 5.3(1) (2 (2
1757(5) 7.9(12) (2) (2"
1842(7) 3.7(9) (2) ()
1872(5) 3.9(9)

1915(8) 29

1936(5) 13,9(15) (4) (a*)
1984(1) 6.310) (2) (™
2014(6) 7.8(15) 0 o
2NN 6.4(10) (2) (Y
2128(7) $.9(12)

2144(8) 2.4017)

2156(86) 13(2) (2) (2%)
2168(6) 6.0(10)

22%3(7) 6.7(10) 0 0*
2299(7) 3.2(8)

2402(9) 3.318)

2407 4.9

2461(8) 38011 (0 (4"
2491(10) 0.8(7)

252%(10) 1.8(8)

2%81(8) 7.101))

2668(9) 17(2) (2 (2
2709!9) v 809

273 2.9
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The third new program mentioned above involves
the use of exotic targeta and is discussec in more
detail in a paper by J. Wilhelmy elsewhere in this
nonference [30). Again one of the principal assets
we have in such a mew program I3 the extreme sensi-
*ivity of the pspectrometer and detector system as
well as the specislized beams such as the triton
(polarized and unpolsrized), and '‘C beams, As far
83 neutron rich nuclel which could be studied with
the use of exotic targets, the outstanding examples
sre found from the targets '!Si and *‘'Fe. These
targets which sre obtainable from the LAMPF beam
stop, a8 discussed in Ref. 30, may be quite L‘Mn LX]
experiments with as little @3 10-15 wug/om have
been carried out. However, the svailable materials
from the LAMPF irradistions should, in general,
permit wmuch thioker tasrgets than <ihst. Planned
experiments on the '!Si terget are the (t,p)
resction which will resch the N » 20 closed shell
at ''S{, and the (t,a) resciion which will messure
the spectroscopy of ''Al for the furat time,
Similer studies will bLe made on ‘'Fe with the (t,p)
reaction reaching to ‘!Fe, the (t, 'He) reaction to
the unobserved nucleus **Mn, and the (t,a) resction
to ‘'Mn, agein ® nucleus with unknown spectroscopy.
In addition to the general nuclear physics interest
in thess nuclei off the stability Jine, there is
special artrophysics intarest in these nucle:
especially in the Fe region because of the
nucleoaynthesis problems [31). These and many
other exotic targets with half-lives sufficiently
long, promise to make this an exciting field feo-
some time to come.
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